A method for the production of a series of certified gold reference materials is presented. These reference materials are intended for use in the analysis of the elemental composition of gold alloys using a nondestructive X-Ray Florescence (XRF) spectrometry method. The chemical composition of the reference materials covers the complete range of conventional coloured and white carat gold jewellery alloys. The XRF method based on this series of reference materials produces analytical results which are comparable with those obtained when using traditional chemical methods of analysis.
Described herein are the results of a project designed to develop certified gold and gold alloy reference materials which was undertaken by the Polish State Mint and the Polish Institute of Non-Ferrous Metals (1). The reference materials are suitable for nondestructive testing and particularly for calibration of wavelength (WD XRF) and energy-dispersive (ED XRF) spectrometers. They are particularly useful for the elemental analysis of the compositions of various grades of gold (from 8 to 24 carat) and gold alloys (jewellery, electronic, dental, coinage, etc).
Bearing in mind the price of the precious metals and the need for non-destructive analytical procedures, it was decided to produce the reference materials in the form of thin layers (foils) mounted on a special holder of aluminium alloy (Figure 1) .
The foils used were thicker than the so-called 'critical thickness', in which 99.9% of the XRF radiation is generated, in order to avoid eventually rupturing the excitation radiation through the thin layer of alloy. Since the sample may require polishing after mounting onto the holder it was decided to produce foils of at least double the 'critical thickness'
(ie 100 -200 microns depending on the grade of the alloy). The authors felt the need for this series of gold and gold alloy reference materials because of the lack of availability of such materials on the world market -to date only the Royal Canadian Mint has made a series (fiiJ' Cold Bulletin 1998, 31(4) of fine gold (2) and gold bullion (3) reference materials.
The planned compositions for the gold and gold alloy reference materials is given in Table 1 .
The composition for the Au 16 sample was purposely chosen as 99.99 rather than 99.96%. With the exception of zinc, which was introduced as a preformed alloy of its pure constituent metals, high purity metals were used for casting the materials for the standards. Melting and casting were performed in a Balzers induction furnace, Type VSG-002 in an argon atmosphere. The ingots obtained were initially analysed by the Polish State Mint. The ingot was annealed in a SOLO 322 strip furnace in a protective atmosphere made from cracked ammonia, peeled on a planing machine to a thickness of 12mm and then gradually rolled until the required thickness had been achieved. Discs of diameter 30mm were cut from the strips using a die punch on a screw press. The samples could be used for certification after removal of surface impurities from both sides. The chemical analysis of gold and its alloys is a labour-intensive process because the sample dissolves only slowly and in a complex fashion. If applied to a completed product it will cause damage, and speed of acquisition of the result is frequently important.
The touchstone method, traditionally recognized as the best non-destructive technique to use has a lot of faults, including low accuracy, necessity to possess a complete set of needles, a priori acquaintance of qualitative composition and a high dependence on subjective factors.
Each non-destructive method requires possession of adequate reference materials and some use working standards for some types of materials, but the maximum possible accuracy is obtained when the largest number of standards is available.
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DEVELOPMENT AND PRODUCTION OF REFERENCE MATERIALS
A schematic diagram of the method used to produce the gold and gold alloys is given in Figure 2 . The objective was to enable the maximum number of popular grades of gold to be analysed in the most efficient manner and also to include the possibility of analysing other grades of gold. Increased levels of non-homogenity for the more complex alloys and very strong matrix effects were also taken into account, together with the individual needs of the most important producers. This led to the plan represented in Table 1 .
The standards Au3-Au12 have been selected from the list of gold jewellery and coinage alloy grades currently made worldwide. Aul, Au2 and Au15 were selected from the Polish Standardization and Measures Daily No 9, March 5 th 1974. Au13 (American gold) and Au14 (ducat gold) were added following individual requests from gold producers, following our enquiries.
Preliminary homogeneity evaluations were carried out using a PW1404 Philips XRF Spectrometer. The determined by measurements taken from both sides of each disk using ASTM E826-81 and the chemical composition of the materials used. Correlation between the planned and measured compositions allowed progression to successive stages of development and production.
A method for fixing the foils to the aluminium alloy substrate has been developed based on multiple tests. An epoxide adhesive gave a suitably long life and good quality of coupling. Finally, the surface of the standards was polished.
The standards prepared in this way were subjected to statistical examination for homogeneity. The results were obtained via XRF radiation intensity measurements made in four different parts of a given surface of 30 randomly selected discs of each of the 16 standards. This represented 30% of the reference materials produced. The Snedecor F-test (4) was applied to the statistical calculations. The null hypothesis, indicating that the concentrations of the element examined within the object and between objects do not differ significantly has been verified. The value of F is calculated from Equation (1): Pd [%] Zn [%] Ni [%] (1)
QUALITY OFTHE XRF ANALYSIS RESULTS FROM THE GOLD JEWELLERY ALLOYS AUl -AU16
The following methods were used for the elements, as indicated below:
Au -cupellation, weight Ag -potentiometric, weight, ICP Cu -ICp, AAS, electrolytic Pd -ICp, weight Zn -ICp, weight, AAS Nt -weight, ICp, AAS, electrolytic
The final compositions obtained for the jewellery gold reference materials are given in Table 2 .
X-ray spectrometry laboratories often need to analyse several grades of jewellery or other gold. The possibility of their analyses being based on one series of standards which could be used for several types of alloys would considerably simplify the calibration procedure, since when alloys of different constituents are analysed strong matrix effects can be taken into account. The matrix effects are the source of the most important systematic errors in XRF spectrometry. It is therefore necessary to apply corrections for these absorption enhancement effects (both direct and indirect) and the Philips model was used. This is a combination of the Claisse-Quintin (5), de jongh (6), Lucas-Tooth-Pyne (7) and Rasberry-Heinrich (8) models and covers corrections for all the effects indicated above.
The model selected has the following mathematical form: 
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0,000 10.000 20.000 30.000 40.000 50,000 60,000 70.000 80.000 90,000 100.000 C. -concentration of the analyte, CYij -absorption correction coefficient, f3ik -direct enhancement correction coefficient, '")'imn -indirect enhancement correction coefficient. The cy,f3,'")' coefficients calculated using the least squares method and ensuring optimum correction of matrix for all the determined elements are given in Table 4 .
As can be seen from Table 4 , the absorption effects were the dominant ones which needed to be corrected.
It is necessary to take enhancement effects into account only for silver and gold -direct in both cases and indirect as well for gold.
It should be emphasized that empirically determined matrix effect correction coefficients may have slightly different values depending on the type of spectrometer used, the geometry of measurement, the X-ray tube, the excitation and X-ray spectrum registration conditions applied and the standards and correction models (equations) available for a given software. Other correction equations may also be used but the efficiency of correction for matrix effects should be similar. The authors have therefore checked this with Table 2 ). In order to confirm this, samples analysed by the Royal Canadian Mint were also analysed by XRF using corrected calibration curves. The reference materials contain copper as well as gold and silver but the copper content was not certified and is assumed to make up the composition to 100%. The comparison of the results for the chemical and XRF analyses is given in Table 6 .
The good agreement confirms the quality of the XRF results obtained using the mathematical correction for matrix effects. A series of sixteen certified gold and gold alloy reference materials has been developed. These contain between 33.32 and 99.99% gold (8 -24 carat) and silver, copper, palladium, zinc and nickel as alloying elements. This composition range covers those used for conventional coloured and white carat gold jewellery alloys. The methods of production were carefully controlled to ensure that the compositions obtained The XRF method developed, with mathematical correction for matrix effects, enables the analysis of various grades of gold alloys using analytical curves for each element determined.
There were ten laboratories participating in the certification process, which included the use of a wide range of analytical procedures and produced good convergence. The accuracy of determination for the precious metals (gold, silver and palladium) was ±0.002 -±0.09%, and for the other elements (copper, zinc and nickel) ±0.01 -±0.10%.
The accuracies obtained for each individual element, ie ±0.07% for Au in the range 33 -100% Au, ±0.15% for Ag in the range 0 -67% Ag, ±0.05% for Pd in the range 0 -32% Pd, ±0.04% for Zn in the range 0 -8% Zn, ±0.09% Cu in the range 0 -24% Cu, and ±0.21 % Ni in the range 0 -32% Ni, are in the ranges obtained for commonly applied chemical methods, but the time used for XRF analysis can be very much shorter.
